To elucidate the molecular basis of coated pit function, we are developing a method for reconstituting the endocytic cycle in a cell-free system. Using purified membranes attached to a solid substratum, we have successfully reconstituted coated pit assembly. We now show that the endogenous coated pits on these membranes spontaneously round up and leave the membrane at 37 °C. As measured by radioimmunoassay, clathrin loss is both pH-and temperature-dependent. The loss is also inhibited by pretreating the membranes with apyrase at 37 °C, which suggests that nucleotide triphosphates are required.
Introduction
The low density lipoprotein (LDL) receptor is one of many receptors that utilize clathrin-coated pits to carry their ligand into the cell (Goldstein et al. 1985) . There appear to be two crucial steps in this internalization process: the movement of the receptor-ligand complex into a coated pit, and the invagination of the coated pit plasma membrane to form an endocytic vesicle. The molecular signals in coated pits that are responsible for these two events are unknown.
Depletion of intracellular K + (Larkinet al. 1983 (Larkinet al. , 1985 (Larkinet al. , 1986 The elucidation of the molecular basis of coated pit function would be greatly facilitated by the development of a method for reconstituting the coated pit endocytic cycle in a cell-free system. Recently we described a method for preparing large numbers of plasma membranes attached to a solid substratum with the cytoplasmic surface of the membrane, which contains numerous coated pits, available for experimental manipulation (Moore et al. 1987) . When the coated pits that adorn this membrane are removed with a high pH buffer, new coated pits readily form when the membranes are incubated with cytoplasm from donor cells. More recently, the cytoplasm has been replaced with purified coat proteins, which also support normal coated pit formation (Mahaffey et al. 1988 ). Thus the assembly phase of the cycle has been reconstituted.
While the use of this membrane system to study coated pit assembly continues, we have turned our attention to reconstituting the endocytic phase of the cycle. The approach that we have taken is to determine, using both electron microscopic and radioimmunoassay techniques, whether endogenous coated pits are capable of rounding up and leaving the membrane under defined buffer conditions. This report describes these initial efforts. 
Materials and methods

Cell culture
The cells used for the radioimmunoassay were SV40-transformed human fibroblasts. The cells were cultured in 100 mm plastic dishes (Corning) in a growth medium consisting of Dulbecco's MEM (DMEM; Gibco 320-1885) supplemented with 10% fetal calf serum, 20mM-Hepes, 100 units ml-1 penicillin, and 100|Ugml-1 streptomycin. The cell concentration was adjusted so that on the day of the experiment there were approximately 3 x l 0 6 cells per dish.
The cells used for the carbon-platinum replica preparations were normal human fibroblasts.
The culture conditions were exactly as described by Larkin et al. (1983) .
Preparation of sonicated membranes
Purified plasma membranes attached to Cell-Tak-coated filters were prepared by a modification of the method of Moore et al. (1987) . Millicell-CM filters were coated with Cell-Tak according to the manufacturer's instructions at a concentration of 5 figem-2. Following coating, the filters were rinsed twice with distilled water and allowed to air dry. In preparation for their attachment to the coated filters, the cells were removed from the culture dish by incubation at 37°C for lOmin in Dulbecco's phosphate-buffered saline containing 0-02% EDTA. The cell suspension was removed and added to an equal volume of DMEM containing 20 mM-Hepes, pH 7-3, and 10 % fetal calf serum. The suspended cells were centrifuged at 600g fo r 5 min, and washed three times by repeated, alternate resuspension and centrifugation in Hepes-DMEM. After the final wash, the cells were resuspended in Hepes-DMEM to a concentration of 2-4X 106 cells ml-1 . One ml of Hepes-DMEM was added to each well of a 6-well plate (Corning) and the Cell-Tak-coated filter was floated on this solution. One ml of Hepes-D-MEM and 0-5 ml of cell suspension (1-2X 106 cells) were added to the top surface of the filter and the cells were allowed to attach for 1 -5 h at 37°C. The solution was removed and 4 ml of 37°C Hepes-DMEM containing 10% fetal calf serum were added, 2 ml on the top of the filter and 2 ml on the bottom. The filters were then incubated an additional 15min at 37°C. This medium was removed, 4 ml of ice cold Hepes-DMEM containing 10% fetal calf serum was added, and the plates were incubated on ice for 1 h at 4°C. Each filter was rinsed twice with 4 ml of ice cold buffer A (SOmM-Hepes, pH 7-4, 100mM-NaCl) and then rinsed twice by submersion in two 12 ml lots of cold buffer B (36mM-Hepes-KOH, pH 7-2, 68mM-KCl, 4 m M -m ag n esiu m acetate, 1 mM-dithiothreitol). The buffer was aspirated, the filter was placed in an empty well of a 6-well plate, and 10 ml cold buffer B was added to the top chamber of the filter. A sonicator probe was lowered into the chamber and the cells were sonicated for 2 s at a power setting of 4-5 (Heat Systems Ultrasonics, Inc., model W-380, equipped with a 25-4 mm tapped horn). The probe height was adjusted prior to sonication so that the tip of the probe was 11 mm above the surface upon which the 6-well plate was placed. After sonication, the buffer was aspirated and the filter was submerged in 12 ml of ice cold buffer B and held on ice until the indicated treatment.
Radioimmunoassay of clathrin
Following the indicated treatment, the filters were aspirated and transferred to a 35 mm plastic dish on ice containing 2 ml cold fixative (3 % formaldehyde, 20 m M -H epes, pH 6-8, 100 mM-KCl, 5 mMMgCl2, 3 mM-EGTA). An additional 2 ml of cold fixative were added to the top of the filters and incubated for 15m in on ice. The filters were rinsed twice in 4 m l of buffer C (2-3 mMNaH2P 0 4 -H 20, 7-7 mM-Na2HP04-7H20, 150mM-NaCl, 2mM-MgCl2, pH7-4) and then sub merged in 12 ml buffer C in a 6-well plate and held overnight at 4°C. The filters were aspirated, and after adding 4 ml of blocking solution (buffer C containing 5 % powdered milk and 0-02% sodium azide) they were incubated for 30min at 37 °C and rinsed twice in 12 ml of buffer C. One ml of blocking solution containing 1 fig ml-1 of X-22 was added to the top of each filter and incubated for 1 h at room temperature. The filters were washed four times for 5 min each in 12 ml of buffer C and then incubated for 1 h in 1 ml of blocking solution containing 125I-labeled rabbit anti-mouse IgG at 4 x l 0 6 ctsmin~1 ml-1 . The filters were washed four times as before, then cut out of their holders with a scalpel and counted. Non-specific binding was determined by assaying filters which received Hepes-DMEM but not cells during the cell attachment step. These values were usually 10% or less of the values for the membrane-containing filters and were subtracted as background. Substitution of an irrelevant mouse IgG for the anti-clathrin IgG reduced the binding to membrane-containing filters to background levels.
Electron microscopy
To visualize coated pits on the membrane, we prepared carbon-platinum replicas of critical-point dried material as described (Larkin et al. 1986) . The membranes were prepared by the coverslip overlay technique using cultured human fibroblasts according to methods described elsewhere (Larkin et al. 1986). All cells were chilled to 4°C, and the membranes were removed and then warmed to 37°C in 20 mM-Hepes, pH 6-8, containing 100 mM-KCl, 5 mM-MgCl2 and 3 mM-EGTA for the indicated time.
Results
Previously we had noticed that human fibroblast membranes have numerous, flat, coated pits (Larkin et al. 1986). These pits were often divided into domains by breaks in the clathrin lattice (Fig. 1A) . Since these membranes were prepared from cells incubated at 4°C, we prepared membranes at this temperature but incubated them in 37°C buffer for various times up to 6 min. Fig. IB shows that with only 2 min at 37°C, there was a dramatic increase in the curvature of the coated pits. With increasing time at this temperature, the pits became more curved (Fig. 1C) , Fig. 1 . Carbon-platinum replicas of clathrin lattices on isolated membranes. Mem branes were prepared from cultured human fibroblasts chilled to 4°C by the coverslip overlay method (Larkin et al. 1986 ). These membranes were either fixed immediately (A) or warmed to 37°C for 2m in (B), 4m in (C) or 6 min (D ). At the end of each warming period the membranes were fixed and carbon-platinum replicas were prepared. X27 000. (Fig. ID) , however, most of the coated pits had disappeared from these membranes.
The rounding-up and loss of coated pits from the isolated membranes appeared to mimic, in many respects, normal endocytosis. To examine this more closely, we used a radioimmunoassay to monitor clathrin loss from the membrane. In addition, we attached these membranes to a porous Millipore-CM filter so that in future experiments the bottom surface of the membrane would be accessible to macromol ecules.
We first measured the kinetics of clathrin loss from the membranes at 37 °C (Fig. 2) . Immediately after the membranes were shifted to 37°C, there was a decline in the amount of clathrin on the membrane, which lasted for about lOmin of incubation. No further loss occurred even when the membranes were incubated for up to 45 min at 37°C. These conditions resulted in a 60 % loss of clathrin, which was nearly the amount lost when clathrin was removed by treating the membranes with 0 -5M-Tris, pH 7-0 at 4°C (■ , Fig. 2) . Therefore, in agreement with the electron microscopy experiments (Fig. 1) , incubation at 37°C in a defined buffer caused clathrin to be lost with a half-time of about 2 min.
Previous studies have shown that when the pH of the cell cytoplasm is lowered to ~pH 6-0, receptor-mediated endocytosis is inhibited and the coated pits remain on the membrane (Sandvig et al. 1987 ). This suggested that the coated pits were paralyzed and unable to pinch off from the membrane. Therefore, we measured the effect of pH on clathrin loss from isolated membranes at 37°C. As shown in Fig. 3 , when the cells were warmed to 37°C for 15 min at either pH 5-7 or pH 6-0, there was no loss of clathrin from the membrane. When the pH was raised further, however, there was a progressive increase in the loss of clathrin. At the highest pH tested (pH 8-1), the membranes lost as much clathrin as when they were treated with 0-5 MTris, pH 7-0 at 4°C (■ , Fig. 3) . These results indicate that temperature alone is not sufficient to cause clathrin loss; the pH of the buffer must also be properly adjusted.
Since it is known that high pH destabilizes the lattice, we searched for conditions that would distinguish between destabilization and loss due to other causes. Previously we found that when membranes were treated with the enzyme apyrase, which degrades nucleotide triphosphates and diphosphates (Liebecq et al. 1963), the membranes failed to lose clathrin (Moore et al. 1987). We repeated the pH experiment of Fig. 3 after pretreating the membranes with apyrase for 15 min at 37°C (Fig. 4) . Only a small amount of clathrin was lost during the apyrase treatment. (Compare ■ with O, Fig. 4 .) When the temperature was warmed to 37°C after washing at 4°C to remove the apyrase, between pH 6-0 and pH 7-2 there was a slight loss of clathrin from the membranes. Above pH 7-2 there was a dramatic loss of clathrin. Comparing these results with Fig. 3 , apyrase treatment inhibited clathrin loss in the physiological pH range; therefore, above pH 7-2, loss must be due to destabilization of the lattice.
Discussion
The membrane preparation that we have developed mimics some of the known physiological features of endocytosis as measured by clathrin loss. At physiological pH, the loss appears to require the activity of a nucleotide triphosphate, since apyrase effectively inhibited the loss (Fig. 4) . At lower pH, however, the lattice is stable and will not come off the membrane (Fig. 3) whereas at high pH it is unstable and readily dissociates from the membrane.
The exact reason for the loss of clathrin from the membrane at neutral pH has yet to be determined. The loss may be due to endocytosis; that is, the rounding up of the lattice and its pinching off to form a coated vesicle (Anderson et al. 1977 ). The replica images (Fig. 1) suggest that under these conditions the planar clathrin lattices become highly curved as if they are pinching off to form vesicles. On the other hand, the loss may be caused by either the enzymatic removal of clathrin from the membrane or the simple disassembly of the lattice. Enzymatic removal, mediated by an ATP-dependent uncoating enzyme (Patzer et al. 1982 ) that has been shown to remove clathrin coats from isolated coated vesicles, seems unlikely because there was not a source of the enzyme in our defined buffer system.
In conclusion, we are making progress in the development of an in vitro endocytosis system. We cannot be sure that the clathrin loss that we are measuring represents the actual stage of endocytosis. Work in progress is focused on measuring the loss of another membrane marker, such as the LD L receptor, and using this as an indicator of endocytosis. Nevertheless, we are encouraged that this strategy will yield important new information about the mechanism of clathrin-coated pit function. 
